The gut hormone oxyntomodulin (OXM) causes weight loss by reducing appetite and increasing energy expenditure. Several analogues are being developed to treat obesity. Exactly how oxyntomodulin works, however, remains controversial. OXM can activate both glucagon and GLP-1 receptors but no specific receptor has been identified. It is thought that the anorectic effect occurs predominantly through GLP-1 receptor activation but, to date, it has not been formally confirmed which receptor is responsible for the increased energy expenditure.
Introduction
Oxyntomodulin (OXM) is a 37 amino-acid peptide produced by the neuroendocrine L-cells of the ileum. It consists of the 29 amino acids of glucagon plus an octapeptide tail. So far, no specific OXM receptor has been identified. OXM does activate the glucagon receptor, though less potently than native glucagon due to the octapeptide tail. The same tail allows OXM to activate the GLP-1 receptor, but also less potently than native GLP-1 [1] [2] [3] [4] . Additionally, the octapeptide tail slows clearance of OXM from the circulation when compared to glucagon [5] . OXM is produced by the action of PCSK1 proprotein convertase subtilisin/kexin type 1 on the proglucagon peptide. OXM is co-secreted from the intestine with GLP-1 in response to nutrient intake. Like GLP-1, OXM is an incretin, directly causing insulin release from pancreatic islet cells.
All current available obesity treatments -dietary, pharmacological and surgical -reduce food intake. However, the initial weight loss from the food intake reduction is associated with a fall in energy expenditure, which limits overall weight loss [6] [7] [8] . Conversely, states where energy expenditure is increased, such as thyrotoxicosis or cold exposure, are accompanied by a compensatory hyperphagia, which has a similar limiting effect on weight loss [9, 10] . Short-term studies suggest that administration of exogenous OXM can reduce body weight in humans [4, 5] . The efficacy of OXM, compared to other anti-obesity treatments, arises from its ability to both reduce food intake and increase energy expenditure. By affecting both sides of the energy balance equation, OXM offers a means of causing effective and sustainable weight loss.
The mechanism underlying the anorectic effect of OXM is well established. It is centrally mediated via GLP-1 receptor activation, confirmed by both pharmacological blockade of the GLP-1 receptor, and using GLP-1 receptor knock-out mice [2, 11, 12] . However, the mechanism by which it increases energy expenditure remains controversial, and both the glucagon and GLP-1 receptors have been implicated.
Specific alteration to the OXM peptide has allowed the effect of activating the different receptors to be investigated. Glucagon and OXM have glutamine, a neutral polar residue at position 3 [6] . In contrast, both GLP-1 and its naturally occurring analogue Exendin-4 (Ex-4), have an acidic glutamate residue in this position and are unable to activate the glucagon receptor. Using targeted peptide engineering to substitute the third residue of OXM with glutamic acid (OXMQ3E), the peptide maintains its activity at the GLP-1 receptor, but loses its ability to activate the glucagon receptor. The action of native OXM has been compared to OXMQ3E in mice. Both peptides suppressed food intake to a similar degree, but weight loss was significantly greater in the OXM group. This additional weight loss indirectly suggests that the glucagon activity in OXM increases energy expenditure [13] . Similarly, in a study comparing OXM analogues engineered to have differing potency at the GLP-1 and GCG receptors, peptides with more glucagon action caused greater weight loss in mice despite causing only a small food intake reduction [14] . Together, these studies suggest that glucagon receptor activation by OXM causes increased energy expenditure, however, other potential explanations for the results, such as increased diuresis or faecal excretion, have not been excluded. Moreover, when OXM is administered via an intracerebroventricular infusion, OXM increases intrascapular brown adipose tissue (BAT) sympathetic activation; GLP-1 receptor knockout prevents this. As activation of BAT increases energy dissipation through thermogenesis, this study suggests the GLP-1 receptor has a role in energy expenditure, at least when OXM is given intracerebroventricularly [15] .
Contributing to the uncertainty as to which receptor increases energy expenditure is the difficulty of directly measuring the energy expenditure effects of OXM. The studies mentioned above all use surrogate markers of energy expenditure: comparison of weight loss with food intake, or sympathetic nerve activity in BAT. Indeed, no studies to date have shown an increase in oxygen consumption following OXM administration. This has not been fully explained but may reflect the relative insensitivity of most metabolic cages [16] , compounded with the short half-life of OXM, which necessitates multiple daily injections of OXM. A significant increase in energy expenditure in rodents has been measured directly with several different OXM analogues [17] [18] [19] . The reproducibility of these results lends credibility to the idea that OXM does affect energy expenditure.
Analogues are increasingly being used to investigate the physiology of peptide hormones, since manipulation of native peptides can increase the half-life and potency of the hormones [17, 19] . We developed a sustained-release OXM analogue, OX-SR. This differs from native OXM by 5 amino acids between residues 16 and 27. These changes allow OX-SR to form a subcutaneous depot, enabling administration as a single daily subcutaneous injection. We directly measured the energy expenditure caused by this analogue within metabolic cages and compared this to the effects of inhibition of both the glucagon and GLP-1 receptors. We were therefore able to effectively determine the relative contribution of these receptors on the energy expenditure effects of OXM.
Methods

Peptides
OX-SR and OX-SR-Glu3 were synthesized by Insight Biotechnology Ltd. (Middlesex, UK) using solid phase peptide synthesis (SPPS) methodology and purified by reverse-phase preparative HPLC. Peptide purity was greater than 95%. Throughout, OX-SR and OX-SR-Glu3 were administered in a zinc-based diluent. Oxyntomodulin, GLP-1, glucagon and exendin 9-39 were all purchased from Bachem (Bubendorf, Switzerland). OX-SR-Glu3 has the same peptide structure as the longacting OXM analogue OX-SR with a substitution of glutamic acid at position 3 to eliminate activity of the peptide at the glucagon receptor [6] .
cAMP accumulation assay
CHO-K1 cells stably over-expressing the human glucagon receptor (hGCGr) were purchased from Invitrogen Life Technologies (Paisley, UK) while CHO cells over-expressing the human GLP-1 receptor were produced in house [7] . cAMP accumulation was measured using a cAMP dynamic 2 assay (Cisbio Assays, Codolet, France), following the manufacturer's protocol. 
Pharmacokinetic studies
Intravenous pharmacokinetics of the peptides were measured as previously described [20] . In brief, each peptide was infused through a femoral vein catheter inserted into an anesthetized rat (n = 3). Peptides were infused at a concentration of 30nmol/ml and a rate of 0.3 ml/hr. Regular samples were taken from a jugular vein catheter over a period of 100 min. To determine pharmacokinetics after a subcutaneous injection, rats were given a single subcutaneous dose formulated in zinc of 1.4 μmol/kg of peptide. Blood samples were taken at predetermined intervals over 7 days through tail venesection. Peptide levels were determined from the blood samples using an in-house RIA [21] , and pharmacokinetic properties ascertained.
Pair-feeding study to demonstrate energy expenditure effect of OX-SR
Rats were randomised to three groups (n = 8) by body weight (mean 414 g). Control and peptide groups received daily SC injections of vehicle and OX-SR (40 nmol/kg) for 3 days at 0830 starting on day 0. The pair-fed group received daily injections of saline from day 1, but food intake was restricted to the mean intake of the OX-SR group over the previous 24 h. Food intake and body weight were measured daily at 0830. Heavier animals were used in the pair-feeding study compared to the subsequent CLAMS studies as they have lower variation in their daily food intake, improving the quality of the study when animals are fed to the mean food intake of the treatment group.
Measurement of energy expenditure following acute administration of OX-SR in CLAMS
Rats were randomised to two groups (n = 16) of equal mean body weight (mean 266 g) and placed in CLAMS metabolic cages. This sample size had been established to allow a 10% increase in energy expenditure to be detected with a significance of p < 0.05, with power of 80%.
24 h after entering the cages, animals received a single subcutaneous injection of vehicle or OX-SR (40 nmol/kg) at 0830. Food intake, oxygen consumption, carbon dioxide production and locomotor activity were measured continuously for 24 h. Body weight was measured 24 h after injection. Throughout, all animals had ad libitum access to chow.
To investigate whether the time of OX-SR administration altered its metabolic effects, the experiment was repeated in a second cohort of rats (mean body weight) but with OX-SR (40 nmol/kg) administered at 1630.
Effect of blockade of GLP-1 receptor on energy expenditure following administration of OX-SR
Rats were randomised to 4 groups (n = 8) of equal mean body weight (mean 222 g). On day 0, all animals entered CLAMS metabolic cages. Between 1000 and 1200 on day 1, all rats had mini-osmotic pumps (Alzet Osmotic Pumps, Model 1003D, Durect Co., Cupertino, USA) inserted under isofluorane anaesthesia. The pumps delivered either saline or Ex9-39 at 100 nmol/kg/hr. This dose of Ex9-39 had been shown in preliminary studies to eliminate completely the anorectic effect of 0.04 mmol/kg of the long-acting GLP-1 agonist Ex4, a dose which is more potent than 40 nmol/kg of OX-SR. After recovery from anaesthesia, the animals were returned to the CLAMS metabolic cages. At 0830 on day 2, half of the animals with saline pumps, and half of those with Ex9-39 pumps, were given a SC injection of vehicle, while the remaining animals received a SC injection of OX-SR (40 nmol/kg). Metabolic parameters were measured continuously for 24 h. Body weight was measured just before subcutaneous injection, and 24 h later.
Comparison of energy expenditure following administration of OX-SR and OX-SR-Glu3
Rats were randomised to 3 groups of equal mean body weight (n = 10-11) (mean 318 g). 16 h after entry into CLAMS metabolic cages, at 0830, animals received subcutaneous injections of either vehicle, OX-SR (40 nmol/kg) or OX-SR-Glu3 (40 nmol/kg). Metabolic parameters were measured throughout. Body weight was measured just before the injections, and 24 h later.
Data analysis
All data are presented as mean ± SEM. P-values are based on twosided tests with significance set at p < 0.05. Student t-tests, one-way ANOVA with Tukey's post-hoc tests and two-way ANOVA with Sidak's multiple comparison tests are used as detailed for each experiment. All analysis was undertaken using Prism 7.0 (GraphPad Software Inc., San Diego, USA).
Results
In vitro cAMP accumulation following peptide administration
At the GLP-1 receptor, the EC 50 levels of OXM, OX-SR and OX-SRGlu3 are all higher than native GLP-1 (Table 1) . GLP-1 was 17 x more potent than OXM, 11 x more potent than OX-SR, and 9.5 x more potent than OX-SR-Glu3.
Similarly, at the GCG receptor, the EC 50 levels of OXM, OX-SR and OX-SR-Glu3 were higher than native GCG. GCG was 7.8 x more potent than OXM, 4.8 x more potent than OX-SR, and at least 46 x more potent than OX-SR-Glu3.
These results show that while OX-SR is less potent than the cognate hormones at both the glucagon and GLP-1 receptors, it is slightly more potent than OXM by 1.59 x and 1.50 x respectively.
These data also demonstrate that there is minimal activation of the glucagon receptor by OX-SR-Glu3, and also that OX-SR is slightly less potent at the GLP-1 receptor than the Glu3 version, a finding consistent with other studies comparing OXM analogues with the Glu3 switch [22] .
Pharmacokinetic studies
Following the IV infusion, the plasma half-life of OXM and OX-SR were calculated to be 12.1 and 15.9 min respectively. When administered subcutaneously, OXM reached a peak plasma concentration at 30 min, and was undetectable by 24 h; in contrast OX-SR levels continued to rise up to 3 h, and remained at this concentration for 24 h, before slowly falling over the next 6 days (Table 1) .
Pair-feeding study shows OX-SR increases energy expenditure
Over 3 days, OX-SR caused hyperphagia, with the animals eating 8% more food than the vehicle group (p < 0.05). Despite this, the OX-SR group lost an average of 8 g body weight (2% of baseline), while the vehicle group gained weight (an average of 4 g). Moreover, the pair-fed group also gained an average of 5 g body weight. This difference was significant for the OX-SR group compared to both other groups (p < 0.001 in both cases). The difference in body weight change between the OX-SR and pair-fed groups could represent an increase in energy expenditure (Fig. 1 A-D) .
Energy expenditure measurement in metabolic cages
The difference in body weight between the OX-SR and pair-fed groups likely represents a difference in energy expenditure. However, increased diuresis or faecal output could not be excluded as an alternative cause for the enhanced weight loss in the OX-SR group. To confirm that OX-SR was capable of increasing energy expenditure, we examined its effect on oxygen consumption using metabolic cages. A single dose of OX-SR caused a 10% increase in oxygen consumption during the 12 h following OX-SR administration ( Fig. 2A-B) . There was no significant difference in locomotor activity between groups during the period of increased energy expenditure (Fig. 2F-G) demonstrating that increased physical activity does not explain the enhanced energy expenditure. Food intake was also significantly reduced: it was reduced by over 60% in the 12 h following injection, and by 40% in the 24 h following injection (p < 0.05 and p < 0.01 respectively) (Fig. 2C) . Respiratory exchange ratio was significantly reduced by OX-SR from 0.96 to 0.90 for the 12 h following peptide administration (p < 0.01) (Fig. 2E) . Over 24 h, the change in body weight differed significantly between the two groups; the vehicle group gained on average 7 g body weight (2.6% of baseline), and the OX-SR group lost 2.6 g of body weight (1% of baseline) (p < 0.05) (Fig. 2D ). This loss of weight is due to the reduced food intake and increased energy expenditure.
The same pattern of results was seen when OX-SR was administered at 1630. Food intake was halved over the 24 h following OX-SR administration (12.2 g compared to 24.7 g, p < 0.01). The OX-SR group lost, on average, 11.5 g, compared to an increase in body weight of 3.4 g in the control group, in the 24 h following administration (p < 0.01). In the 12 h following the injection, energy expenditure increased by 20% (p < 0.03) in the OX-SR group. Though not statistically significant, movement was overall reduced by 13% in the OX-SR group compared to the control group over the same period. As with the injections at the start of the light phase, RER was significantly reduced in the OX-SR group over the 12 h following injection, from 1.00 to 0.86 (p < 0.001).
Energy expenditure following GLP-1 blockade
OX-SR caused an 8% increase in oxygen consumption during the 12 h post-injection, both in those animals infused with Ex 9-39 and in those infused with saline (ordinary 2-way ANOVA, effect of peptide p < 0.05; effect of pump content p = 0.86; interaction p = 0.59) (Fig. 3A) . OX-SR did not significantly affect food intake; however, all animals receiving Ex9-39 ate significantly more over 24 h than those with a saline pump (ordinary 2-way ANOVA, effect of peptide p = 0.1; effect of pump content p < 0.05; interaction p = 0.9) (Fig. 3B) . This is commensurate with blocking endogenous GLP-1 activity. Though neither Ex 9-39 nor OX-SR had a significant effect on body weight, there was a trend for the OX-SR groups to gain less weight than the vehicle groups (ordinary 2-way ANOVA, effect of peptide p = 0.5; effect of pump p = 0.9; interaction p = 0.9) (Fig. 3C) . Locomotor activity did not differ between groups, nor did RER (Fig. 3D-E ).
Comparison of energy expenditure following OX-SR and OX-SR-Glu3 administration
While OX-SR increased oxygen consumption by 8% over 12 h compared to vehicle (p < 0.05), there was no significant increase in oxygen consumption following OX-SR-Glu3 administration (Fig. 4A) . This showed that glucagon receptor activity was required for OX-SR to increase energy expenditure. Notably, while OX-SR did not significantly affect food intake, OX-SR-Glu3 suppressed food intake over 24 h compared to both the vehicle and OX-SR groups (Fig. 4B) , representing the potent anorectic effect of GLP-1 receptor activation. The vehicle group gained an average of 4 g body weight in the 24 h following subcutaneous injection; both the OX-SR and OX-SR-Glu3 groups gained less weight than the control group, with the difference being significant between vehicle and OX-SR-Glu3 groups (p < 0.01) (Fig. 4C) . These results suggest that, acutely, the reduction in food intake has a greater effect on body weight than the increase in energy expenditure. There was no significant difference in locomotor activity between groups. RER was significantly suppressed in both the OX-SR and the OX-SR-Glu3 groups over the 12 h following peptide injection (p < 0.05 and p < 0.001 respectively) (Fig. 4D ).
Discussion
Peptide analogues are a useful tool in the investigation of hormone physiology. To this end, the OXM analogue OX-SR was developed. OX-SR was slightly more potent at both the glucagon and GLP-1 receptors than OXM. It had a sustained release from a subcutaneous depot, taking 6 days for plasma levels to be undetectable compared to 1 day for the same dose of OXM be cleared. OX-SR and OXM had similar plasma halflives following IV infusion (within the same order of magnitude),-suggesting that OX-SR is cleared at a similar rate to OXM by peptidases such as DPPIV and Neprilysin [8] . These characteristics enabled a single low dose of OX-SR to be administered and its physiological effects measured, without the stress associated with repeat administration of OXM.
A single dose of OX-SR clearly increased energy expenditure, with oxygen consumption increasing by 10% over 12 h. Blocking activity at the GLP-1 receptor with Ex 9-39 did not limit the increase in energy expenditure, but reducing glucagon receptor activity did. This is the first study to directly show that the glucagon receptor is essential for OXM to increase energy expenditure.
As early as 1957, glucagon was shown to increase energy expenditure in rodents in both pair-feeding studies and through directly increasing oxygen consumption [23, 24] . This has more recently been confirmed in man, through indirect calorimetry during glucagon Fig. 1 . 3-day Pair-Feeding Study using OX-SR. Daily food intake (A), cumulative food intake (B), daily absolute bodyweight (C), and final body weight change from baseline (D) in male Wistar rats after 3 days of injections of vehicle, OX-SR (40 nmol/kg) or pair-feeding to OX-SR group. Food and body weight were measured daily at 0830. N = 8. Mean initial body weight in each group was 414 g. Data shown as the mean ± SEM. Statistical analysis carried out using two-way ANOVA for daily food intake with Sidak's multiple comparisons test, and one-way ANOVA with post hoc tests Tukey's multiple comparison test for total food intake and body weight change, *p < 0.05, ***p < 0.001.
infusions [25] [26] [27] . This contrasts with GLP-1; in man, GLP-1 has been shown to either have no effect on energy expenditure [25, 26, 28, 29] , or indeed may suppress energy expenditure [30] . In rodents, the results are also ambiguous, with GLP-1 agonists both transiently increasing [31, 32] and decreasing [33] oxygen consumption.
In these experiments, OX-SR had a variable effect on food intake. Over the 3 days of the pair-feeding study, it increased food intake. In contrast, when administered alone in the metabolic cage experiments, OX-SR reduced food intake. GLP-1 is an established anorectic agent. Consistent with this, OX-SR-Glu3, a GLP-1 receptor agonist, caused a significant reduction in food intake compared to controls, and blocking endogenous GLP-1 with Ex 9-39 caused an increase in food intake. GLP-1 has a dose-dependent anorectic effect, progressively stronger at higher doses [26, 34, 35] . Glucagon also has a dose-dependent effect on food intake, but this is not linear: at low doses, it can cause a hyperphagia, whereas at high doses, it reduces food intake [36, 37] . The increase in food intake at low dose of glucagon is likely an attempt to compensate for the increased energy expenditure; similar hyperphagia is seen in other conditions of increased energy expenditure such as thyrotoxicosis and after beta-3 adrenergic agonist administration [38, 39] . In line with this, it appears that the glucagon activity of OX-SR can counteract the anorectic GLP-1 effect within the peptide. This glucagon activity led to a relative increase in food intake in the OX-SR group compared to the OX-SR-Glu3 group, and an absolute hyperphagia in the OX-SR group in the pair-feeding study. Dose finding studies using OXM analogues have shown that the balance between the anorectic effect of GLP-1 receptor activation, and GCG receptor-mediated energy expenditure is fine and non-linear. Small dose adjustments in OXM analogues can switch them from being anorectic to orexigenic. The balance is also affected by other 'background' factors such as the age and size of the animal, and the type of cage [9] . These factors together may explain the variability in food intake seen within our experiments. Higher doses of OX-SR could have been used, with a more pronounced GLP-1 effect. This would have produced a more reproducible and significant reduction in food intake; however, this would result in substantial weight loss, which would raise significant welfare concerns. In man, the higher levels of GLP-1 activity are likely to manifest as unacceptable levels of nausea. Therefore the lower dose is more likely to represent a dose that would be acceptable in man.
Glucagon also has a dose-dependent effect on energy expenditure, with increased energy expenditure at higher doses [25, 26] . Whether a similar dose response on energy expenditure is seen with oxyntomodulin and its analogues remains to be determined; though this would be expected given the glucagon activity, it may be that the mechanisms that suppress energy expenditure after GLP-1 administration become active and lower the overall energy expenditure effect. Understanding the relationship between the doses of GLP-1 and glucagon on energy expenditure will be important in optimising the energy expenditure effects of any OXM analogues developed to treat obesity.
OX-SR did not increase locomotor activity in rats. Other studies using OXM analogues showed no change in physical activity in rodents [17, 18] . Indeed, when administered before the onset of the dark period, when rodents are most active, there was tendency for locomotor activity to be suppressed despite a significant increase in energy expenditure. When glucagon is administered to rodents, there is also increased energy expenditure but no change in locomotion, suggesting that both OXM and glucagon increase energy expenditure by upregulating energy-demanding metabolic processes [40] . These animal results contrast with the study by Wynne et al. in obese humans using native OXM [5] where there was no difference in resting energy expenditure following saline or OXM administration, but OXM did cause a significant increase in physical activity related energy expenditure. The difference in these results may reflect the environment in which the studies occurred: Wynne et al.'s participants were in a 'free-living' environment, whereas animals in metabolic cages have little scope for activity as the cages are small. It would be pertinent to see the effect of OXM and related analogues on animal given the opportunity to undertake greater voluntary activity, such as in a running wheel.
Multiple mechanisms have been suggested by which glucagon can increase energy expenditure although none have been conclusively proven to be responsible. Both enhanced gluconeogenesis and enhanced protein turnover secondary to hyperglucagonaemia have been suggested as the reason for the increased metabolic rate in people with diabetes [41] [42] [43] . It has also been suggested that glucagon enhances energy expenditure via increased brown adipose tissue activation. In vitro, glucagon enhances oxygen uptake, heat production and fatty acid release in brown adipocytes [44, 45] . In vivo, it increased oxygen consumption in rats while enhancing blood flow to brown adipose tissue, it increased GDP binding to mitochondria in BAT and increased BAT weight [46] [47] [48] . However, these are all indirect measures of BAT activity, and more recently, a study using thermal imaging has shown no increase in BAT thermogenesis in man during a glucagon infusion, despite a contemporaneous increase in energy expenditure [27] . Further studies are therefore required to determine how glucagon increases energy expenditure. With regards to OXM, few mechanisms for its increase in energy expenditure have been posited. Though ICV OXM has been shown to increase sympathetic nerve discharge to BAT and increased UCP-1 levels, there is no evidence that this leads to enhanced oxygen consumption or clinically relevant weight loss. There is no data on protein turnover following oxyntomodulin administration, and the data on gluconeogenesis is conflicting, with some studies showing increased expression of gluconeogenic enzymes following OXM analogue administration, and other studies showing no changes [14, 15, 49] .
Dual and even triple agonist therapies combining GLP-1, GIP and glucagon receptor activities are being actively trialled for obesity and diabetes [17, [50] [51] [52] . Many other drugs which increase energy expenditure have been withdrawn as treatments for obesity due to side effects (for example dinitrophenol for its hepatic toxicity; amphetamines and levothyroxine for their cardiovascular side effects). To develop safe and efficacious treatments for obesity, it is essential to understand how these dual/triple receptor agonists increase energy expenditure, therefore further mechanistic studies in this field are essential.
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